We observe that pressure-induced amorphization of Ga 2 SeTe 2 (a III-VI semiconductor) is directly influenced by the periodicity of its intrinsic defect structures.
Ga 2 SeTe 2 is a novel III-VI semiconductor that exhibits a cubic zincblende crystal structure (F43m space group) dominated by stoichiometric or structural vacancies (also known as defect zincblende). These defects arise due to the valence mismatch between the anion and cation forcing 1/3 of the cation sites to be vacant. Recent investigations on binary III-VI materials have shown that the presence of stoichiometric vacancies can lead to material properties crucial for phase change random access memory technology and thermoelectrics [1] [2] [3] [4] . Similar to the binary III-VI compounds, Ga 2 SeTe 2 may also have potential for phasechange memory applications. Its calculated average number of covalence electrons per single atom (N sp ) is 4.8, which meets a key criterion for successful phase-change materials [5, 6] .
Unlike the binaries, however, the ternary system may provide the capability of band-gap engineering, though one must be cognizant of solid-solution immiscibility in the Se rich region of the Ga 2 Te 3 -Ga 2 Se 3 phase diagram [7] . Nevertheless, a thorough understanding of the phase-change dynamics of Ga 2 SeTe 2 is a necessary first step in realizing its technological potential for memory applications.
Recent high-pressure x-ray diffraction experiments on Ge 2 Sb 2 Te 5 reveal that its cubic phase (which requires stoichiometric vacancies to be electrically stable) cannot be recovered after compression and decompression; conversely, its trigonal phase, where stoichiometric vacancies are absent, is preserved [8] . This is an impactful demonstration of the effect of the presence of vacancies on the pressure-induced properties of chalcogenide semiconductors.
In this letter, we investigate the effect of applied pressure on Ga 2 SeTe 2 and argue that in addition to their presence, the periodicity of stoichiometric vacancy structures in a crystal can influence pressure-induced material properties. Ga 2 SeTe 2 powders (≈60 µm particle size) were prepared by crushing as-grown and annealed single crystals. Bulk single crystals were grown via a modified Bridgman technique using stoichiometric amounts of 8N Ga, 6N Se, and 6N Se [9] . Synchrotron powder x-ray diffraction measurements at ambient conditions were performed at beam line 11-BM at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Diffraction at high pressures and temperatures was performed at beam line 12.2.2 at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). A focused beam (10 × 10 µm spot size) of 30 keV (0.4133Å) x rays was used to perform the diffraction experiments.
Diffraction images were collected using a MAR 345 image plate detector. A LaB 6 standard powder specimen was used to measure sample-detector distance and detector tilt angles. High pressure x-ray diffraction measurements were performed at ambient temperature using a standard symmetric diamond anvil cell which consists of two 300 µm culet diamonds with a 60 µm indented rhenium gasket in between. Ga 2 SeTe 2 powder mixed with pressure transmitting fluid (a 4:1 methanol/ethanol mixture) and a pressure marker (ruby pieces) was loaded in a 180 µm hole drilled at the center of the indentation. A more detailed description of the instrument setup at beam line 12.2.2 at the ALS has been reported elsewhere [10] .
High-pressure x-ray diffraction experiments conducted at high temperatures were done using a resistively heated diamond anvil cell. Liquid argon was used as the pressure transmitting fluid and gold was used as a pressure-temperature marker. Changes in volume of the gold pressure marker allowed for the measurement of the overall pressures in the experimental setup [11] . Diffraction data were analyzed using the Celref software to determine unit cell parameters and volumes [12] .
Powder x-ray diffraction experiments conducted at ambient temperature and pressure reveal that the configuration of stoichiometric vacancies in Ga 2 SeTe 2 is strongly related to specimen thermal history. Three different thermal treatments (analogous to those previously applied to Ga 2 Te 3 [13] ) were employed: (1) anneal sample at 735 • C for 28 days then quench to 0 • C, (2) anneal sample at 435
• C for 28 days followed by slow cooling in furnace, and (3) sample in its as-grown state. The diffraction pattern for 735
• C annealed specimen contains sharp ancillary peaks (labeled a and b) at ∆(2θ)=0.45
• and ∆(2θ)=0.20
• around the 111
Bragg reflection corresponding to a face-centered cubic Bravais lattice associated with a zincblende crystal structure with lattice constant a = 5.77Å (Figure 1a ). This alludes to additional superstructures parallel to <111> directions. Their presence as two-dimensional vacancy structures has been verified via conventional and high-resolution electron microscopy [4, [14] [15] [16] . In Ga 2 SeTe 2 , they order at 2.7 nm intervals or about 1/8 of the spacing of {111} planes in the zincblende lattice [14] . Satellites become diffuse in the 435
signifying that the two-dimensional vacancy structures observed in the 735
powder lose their periodicity. The diffraction pattern in the as-grown powder (previously reported elsewhere) is intermediate between the vacancy ordered and disordered samples [9] .
To probe temperature dependence on vacancy periodicity in Ga 2 SeTe 2 , we collected x-ray diffraction patterns for the as-grown sample as a function of temperature at ambient pressure. All samples at ambient pressures exhibit a cubic zincblende structure. Additional peaks located at 2θ=9.9
• and 2θ=11.3
• are attributed to the rhenium gasket in the diamond anvil cell. As pressure is increased, the Bragg reflections shift toward higher angles, indicative of unit cell compression. During compression, the as-grown and 735
• C annealed specimens undergo a cubic to amorphous phase transition between 10 GPa and 11 GPa as revealed by the formation of broad amorphous bands at 2θ≈8.8
• and 2θ≈12.5
• . Above ≈12 GPa, the specimens remain amorphous with no additional phase transitions up to ≈50 GPa.
The compression behavior of the 435 • C annealed sample is identical to the other two samples with the exception that solid-state amorphization occurred between 7 GPa and 8 GPa. Additionally, diffraction patterns upon decompression were collected for the asgrown, 435
• C, and 735
• C annealed specimens. For all samples, the cubic phase was not recovered ( Figure 2d shows the decompression results for the 735 • C annealed sample). As vacancies electrically stabilize the cubic structure, such irreversibility is expected and has been previously observed in cubic Ge 2 Sb 2 Te 5 [8] .
Using the lattice parameters extracted from the high-pressure diffraction patterns and suggests that the periodicity of two-dimensional stoichiometric vacancy structures has a direct effect on the pressure-induced amorphization of Ga 2 SeTe 2 . To verify this observation, we performed diffraction experiments under high pressures and temperatures. We first heat the 735
• annealed sample (which exhibits periodic two-dimensional vacancy structures) to
≈100
• C and ≈170
• C followed by pressure-induced amorphization. As shown in Figure   3 , the amorphization pressure decreases with increasing temperature. This implies a neg- ative Clapeyron slope, or dP /dT =∆S/∆V , where ∆S and ∆V are the changes in volume and entropy respectively in going from the cubic to amorphous state. Since ∆S>0 in this transition, the negative P -T slope observed in the 735 • C annealed Ga 2 SeTe 2 implies that its amorphous phase is denser than its cubic phase. Interestingly, as the 435 • C annealed sample (which exhibits aperiodic two-dimensional vacancy structures) is heated from ambient temperature, amorphization pressure increases and it adopts a pressure-temperature behavior similar to the 735 • C annealed specimen. Since vacancy periodicity in Ga 2 SeTe 2 is induced by temperature (as seen in Figure 1b) , the result affirms its role in increasing amorphization pressure (as seen Figure 2 ). The high pressure and temperature diffraction data collected for Ga 2 SeTe 2 suggest that the arrangement of stoichiometric vacancy defect structures plays a role in the stability of crystal structure under an applied pressure. Recent theoretical work on the structure of Ga 2 Se 3 has shown that its β-phase, comprised of a monoclinic crystal with an ordered zig-zag line vacancy superstructure, is the most energetically stable [17] [18] [19] . We perform density functional theory (DFT) calculations to examine the relationship between vacancy configuration and crystal stability under hydrostatic pressure using the Vienna ab initio simulation package (VASP) utilizing the local density approximation (LDA) and the generalizedgradient approximation (GGAPBE) [20] [21] [22] . We constructed a Ga 2 Te 3 supercell with multiple vacancy configurations (denoted by a ternary numbering system shown in Figure 4a-4c) .
A binary III-VI system was studied in order to establish vacancy configuration as the sole variable. Figure 4a corresponds to a primitive cell with straight-line vacancy ordering (highlighted by the red line) that adopts an In 2 Te 3 (orthorhombic) structure [23] . This is denoted as 0 and means there is no shift along the a 3 direction. Figure 4b represents the primitive cell with zigzag-line vacancy ordering that adopts a β-Ga 2 Se 3 (monoclinic) structure [24] . This is denoted by 01, which means there is no shift for the first layer and one lattice shift in the second layer along the a 3 direction (as denoted by the red line). In Figure 4c , a variation of the 0 structure with straight-line vacancies is shown. There is no shift in the first layer of the cell, one lattice shift along a 3 in second layer, and two lattice shifts along a 3 in the third layer; consequently this configuration is denoted as 012. One can adopt this structural convention to crystal systems of any size. (001, 0011, 0001) become less energetically stable with increasing pressure. Conversely, the energy of straight-line vacancy structures is lowered as pressure is increased (with the exception of of the 0102 configuration). The structural permutations that are available for analysis for III-VI materials are limitless, nevertheless, our theoretical calculations demonstrate that their stability under pressure can be highly dependent on vacancy arrangement-as we observed by our diffraction experiments.
We conclude that in the Ga 2 SeTe 2 semiconductor alloy, there is considerable interplay between the periodicity of two-dimensional vacancy structures and pressure-induced amorphization. Observation of such a phenomenon provides further insight into the relationship between crystallographic defects and the physical properties of materials. Elucidating such a relationship is pivotal in gauging the technological potential of a large class of materials with structures dominated by stoichiometric vacancies.
